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ABSTRACT Releaseof lipid vesicle content inducedby theamphipathic peptided-lysinwas investigatedasa functionof lipid acyl
chain length and degree of unsaturation for a series of phosphatidylcholines. Dye efﬂux and peptide binding were examined for
three homologous lipid series: di-monounsaturated, di-polyunsaturated, and asymmetric phosphatidylcholines,with one saturated
and one monounsaturated acyl chain. Except for the third series, peptide activity correlated with the ﬁrst moment of the lateral
pressure proﬁle, which is a function of lipid acyl chain structure. In vesicles composed of asymmetric phosphatidylcholines, peptide
binding and dye efﬂux are enhanced compared to symmetric, unsaturated lipids with similar pressure proﬁles. We attribute this to
theentropicallymore favorable interaction of d-lysinwith partially saturatedphospholipids.Weﬁnd that lipid acyl chain structurehas
a major impact on the activity of d-lysin and is likely to be an important factor contributing to the target speciﬁcity of amphipathic
peptides.
INTRODUCTION
The cell membrane provides a tightly controlled barrier be-
tween cell interior and environment, and any form of com-
munication between these two entities has to occur across this
barrier. Binding of soluble agents to membrane-bound re-
ceptors triggers complex processes such as signaling cas-
cades or receptor-mediated endocytosis. Conversely, protein
export, quintessential for cell-cell communication in multi-
cellular organisms, generally involves a secretory pathway
from the endoplasmic reticulum, through the Golgi appara-
tus, to the extracellular matrix. A number of proteins and
peptides, however, circumvent the regular import/export
machinery and appear to cross the membrane directly (1).
Movement of proteins and peptides across membranes thus
seems to be a widespread and biologically important phe-
nomenon. Studies of small peptides and their interaction with
model membranes have been instrumental in the elucidation
of the principles that govern the movement of peptides across
hydrophobic barriers. A particularly well-studied class of
peptides comprises cell-penetrating peptides that are able to
transport cargo across membranes (2) and amphipathic, cy-
tolytic peptides. Of the latter, antimicrobial peptides have
received most attention due to their preferential lysis of
prokaryotic cells and potential use as antibiotic agents (3).
Initially, antimicrobial peptides were thought to perma-
nently insert into the membrane and aggregate as barrel
staves to form ion-channels (4). Although alamethicin ap-
pears to form pores of this type, most other peptides have
been found to form more transient structures, such as toroidal
pores (5,6) or even relatively unstructured membrane defects
(7–10). Alternatively, some peptides may not cross the cell
membrane at all but instead lead to the micellization of the
lipid bilayer through adsorption to the membrane surface, as
has been proposed in the carpet model (11). The factors that
determine peptide-membrane interactions have been the fo-
cus of research for much of the past decade. The majority of
antimicrobial peptides are cationic and the distribution of
charges within the peptide, the degree of amphipathicity, and
the overall hydrophobicity clearly play an important role in
peptide-membrane interactions. Model membrane systems
that mimic the composition of bacterial membranes usually
contain the anionic lipid diacylphosphatidylglycerol, which
is the predominant phospholipid in many Gram-positive
strains but also exists in the membranes of Gram-negative
bacteria. Due to the cationic nature of most antimicrobial
peptides, the charge of the lipid headgroup is considered
paramount in determining peptide-lipid interactions, while
the lipid acyl chain composition has received less attention by
comparison. The current work focuses on the impact of lipid
acyl chain composition, in particular hydrophobic thickness
and the degree of unsaturation, on peptide-membrane inter-
actions.
We used the cytolytic peptide d-lysin, a 26-residue peptide
that forms an amphipathic helix when bound to bilayer
membranes, to probe the effect of lipid acyl chain structure on
peptide activity. d-Lysin is one of many toxins secreted by
the Gram-positive bacterium Staphylococcus aureus and is
extremely efﬁcient in permeabilizing the cell membranes of a
wide variety of organisms and artiﬁcial vesicles (12–15). In
systems that exhibit lipid phase coexistence, it preferentially
binds to liquid-disordered lipid phases and only poorly to
solid and cholesterol-containing, liquid-ordered phases (16).
Based primarily on the analysis of kinetic data, we recently
introduced a model for the function of d-lysin where a small
aggregate of approximately three protomers is the state re-
sponsible for the release of content from lipid vesicles
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(7,16,17). The pores are formed by d-lysin as the peptide
equilibrates across the membrane. They are thus transient
structures and the peptides do not remain permanently in-
serted in the membrane (7,17).
Membrane perturbation requires a distortion, sometimes
transient, of the lipid matrix and often the formation of highly
curved peptide-lipid structures. For instance, we proposed
that defect formation by d-lysin involves a short-lived in-
termediate in which the lipids are forced into a positively
curved arrangement (7). Highly curved lipid structures also
occur in the formation of toroidal pores and during micelli-
zation of the bilayer, as has been suggested in the carpet
model. For a homologous series of membrane-forming lipids
with the same headgroup, differences in the ability to form
structures of high curvature are determined by the acyl chain
structure—which also determines the bulk elastic properties
of the bilayer.
Bilayer elastic properties have been shown to inﬂuence the
activity of ion channels and of a number of small, membrane-
active peptides such as melittin, GALA, alamethicin, and
gramicidin (18–26). In previous studies, the elastic properties
of the lipid matrix were often altered by the inclusion of
lysolipids, which are prone to form structures of positive
curvature; phosphatidylethanolamine, which tends to form
inverted lipid structures of negative curvature due to its small
headgroup (27); or cholesterol, which stiffens the membrane
(28–30). Working with lipid mixtures, however, has, at least
in this particular case, the disadvantage that the different lipid
types may not mix well or change peptide binding to the
membrane. In either case, it is not straightforward to correlate
experimental observations with changes in the elastic prop-
erties of the lipid matrix. Therefore, we chose to use one-
component lipid vesicles, in which the lipid headgroup was
kept constant and only the acyl chain composition was varied.
We found that the interaction of d-lysin with lipid bilayers is
strongly dependent on the elastic properties of the membrane
and, in the case of many but not all membrane-forming lipids,







(di16:1PC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (di18:1PC), 1,2-dilino-
leoyl-sn-glycero-3-phosphocholine (di18:2PC), 1,2-dilinolenoyl-sn-glycero-
3-phosphocholine (di18:3PC), 1,2-dieicosenoyl-sn-glycero-3-phosphocholine
(di20:1PC), and 1,2-dierucoyl-sn-glycero-3-phosphocholine (di22:1PC) were
purchased fromAvanti Polar Lipids (Alabaster, AL). Carboxyﬂuorescein (99%
pure, lot No. A015252901) was purchased from ACROS (Morris Plains, NJ).
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine-n-(7-methoxy-
coumarin) (7MC-POPE), POPE labeled with 7MC through an amide bond to
the amino group of the ethanolamine headgroup, was synthesized as previ-
ously described (9). Organic solvents (high performance liquid chromatog-
raphy/American Chemical Society grade) were purchased from Burdick &
Jackson (Muskegon, MI). Lipids and probes were tested by thin layer
chromatography and used without further puriﬁcation.
d-Lysin
d-Lysin (formyl-NH-Met-Ala-Gln-Asp-Ile-Ile-Ser-Thr-Ile-Gly-Asp-Leu-Val-
Lys-Trp-Ile-Ile-Asp-Thr-Val-Asn-Lys-Phe-Thr-Lys-Lys-COOH) was a gift
from Dr. T. H. Birkbeck (University of Glasgow, Scotland). Its puriﬁcation
was described previously (17,31). For the dye efﬂux kinetics measurements,
lyophilized d-lysin was dissolved in distilled water acidiﬁed to pH ’ 3, to a
ﬁnal concentration of 200 mM as described in Pokorny and Almeida (16).
Just before the kinetic experiments d-lysin was diluted into 0.10 M KCl, pH
3.0. The low pH imparts the peptide with a net positive charge, which
minimizes its aggregation.
Preparation of large unilamellar vesicles
Large unilamellar vesicles (LUVs) were prepared by mixing the lipids in
chloroform in a round-bottom ﬂask. For vesicles containing 7MC-POPE, the
probes were added to the lipid in chloroform solution at a ﬁnal probe con-
centration of 1 mol %. The solvent was rapidly evaporated using a rotary
evaporator (Bu¨chi R-3000, Flawil, Switzerland) at 60C. The lipid ﬁlm was
then placed under vacuum for 4 h and hydrated by the addition of buffer
containing 20 mM MOPS, pH 7.5, 0.1 mM EGTA, 0.02% NaN3, and 100
mM KCl or appropriately modiﬁed as indicated below. The suspension of
multilamellar vesicles was subjected to ﬁve freeze-thaw cycles. The sus-
pension was then extruded 10 times through two stacked polycarbonate
ﬁlters of 0.1-mm pore size (Nuclepore, Whatman, Florham, NJ), using a
water-jacketed high pressure extruder (Lipex Biomembranes, Vancouver,
Canada) at room temperature. Lipid concentrations were assayed by the
Bartlett phosphate method (32), modiﬁed as previously described (17).
Kinetics of d-lysin binding to and dissociation
from lipid vesicles
The kinetics of association of d-lysin with LUVswas recorded on an Applied
Photophysics SX.18MV stopped-ﬂow ﬂuorimeter (Leatherhead, Surrey,
UK). Fluorescence resonance energy transfer between the intrinsic Trp res-
idue of d-lysin and 7MC-POPE incorporated in the lipid membrane was used
to monitor peptide binding and dissociation from LUVs. The Trp was excited
at 280 nm and transferred energy to 7MC-POPE, which absorbs maximally at
348 nm. The emission of 7MC, with maximum at 396 nm, was measured
using a GG-385 cutoff ﬁlter (Edmund Industrial Optics, Barrington, NJ).
After mixing, the concentration of peptide was 0.5 mM.
Carboxyﬂuorescein efﬂux experiments
LUVs for carboxyﬂuorescein (CF) efﬂux kinetics measurements were pre-
pared by hydrating the dried lipid ﬁlm with CF-containing buffer (20 mM
MOPS pH 7.5, 0.1 mM EGTA, and 0.02% NaN3, 50 mM CF) to give a ﬁnal
lipid concentration of 10 mM. After extrusion, CF-containing LUVs were
passed through a Sephadex-G25 column (GE Healthcare Bio-Sciences,
Piscataway, NJ) to separate the dye in the external buffer from the vesicles.
The suspension was diluted in buffer to the desired lipid concentration and
used for ﬂuorescence measurements. The buffer used was 20 mMMOPS pH
7.5, containing 100 mM KCl, 0.1 mM EGTA, and 0.02% NaN3, which has
the same osmolarity as the CF-containing buffer. The kinetics of carboxy-
ﬂuorescein efﬂux were recorded in a model No. 8100 Spectroﬂuorimeter
(SLM-Aminco, Foster City, CA), updated by ISS (ISS, Champaign, Il) and
adapted with a RX2000 rapid kinetics spectrometer accessory (Applied
Photophysics), equipped with a RX pneumatic drive accessory (Applied
Photophysics). CF efﬂux was measured by the relief of self-quenching of
ﬂuorescence, measured by excitation at 470 nm and emission at 520 nm.
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Calculation of average relaxation times
The curves of carboxyﬂuorescein release as a function of time were char-
acterized by a mean relaxation time (t), as described before (16). Brieﬂy, the







f ðtÞdt ; (1)
where
f ðtÞ ¼ d FðtÞ
d t
; (2)
and F(t) is the experimental curve of normalized ﬂuorescence increase as a
function of time. This curve increases as CF is released, until it essentially
reaches a plateau (see Fig. 1). The time-derivative of F(t), f(t) behaves as the
probability density function (33,34). For example, for a multiexponential
decay t is the weighted average of the relaxation times of each exponential
function. Before numerical differentiation, the curves were smoothened as
described before (16), to avoid errors due to experimental noise.
RESULTS
d-Lysin causes the rapid release of contents from unilamellar
POPC vesicles (17). A convenient way to measure the ki-
netics of content release is via the increase of ﬂuorescence
(Fig. 1) that is observed when a high, self-quenching con-
centration of dye is diluted into the surrounding aqueous
buffer after peptide-induced release from vesicles. We mea-
sured the average time required for the release of a ﬂuorescent
dye, carboxyﬂuorescein, as a function of the lipid chain length
and unsaturation, at constant lipid and peptide concentrations.
The mean time constant, t, of dye efﬂux (Eq. 1) provides
an average, model-independent, and robust observable that
can be directly related to changes in bulk bilayer properties.
The analysis is based on the idea that lnt should, in essence,
be related to the Gibbs free energy of activation for dye ef-
ﬂux, DGz. For a series of homologous phosphatidylcholines
(PCs) to which peptide binding is similar, DGz then reﬂects
the Gibbs free energy of activation associated with the rate-
limiting step, which is dominated by the free energy required
for the insertion of the peptide aggregate into the lipid bilayer,
DGo (10). Thus, DGo for insertion and lnt for dye efﬂux
reﬂect the ease with which the membrane defect is formed in
the lipid bilayer. Bulk elastic properties of the lipid bilayer
are a direct consequence of lipid acyl chain structure. In the
following, we will therefore relate lnt of dye release to the
elastic properties of the bilayer to assess the impact of lipid
acyl chain structure on membrane perturbation by d-lysin.
Degree of unsaturation
For a series of PCs that contain cis-unsaturated acyl chains in
both the sn-1 and sn-2 positions, lnt of dye release caused by
d-lysin is not a simple monotonic function of the number of
double bonds (Fig. 2). Rather, lnt appears to be the same for
di18:1PC, di18:2PC, and di18:3PC, within experimental error.
Stretching modulus
For a thin layer of material such as a bilayer membrane, the
isothermal elastic stretching modulus, KA, reﬂects the area
change in response to a uniform tension applied parallel to the
surface (35,36). For the series of PCs considered here, KA
remains essentially constant within the experimental error
(37), but the t of dye release varies over several orders of
magnitude (Fig. 3), indicating a lack of correlation between
membrane perturbation and the bilayer stretching modulus.
Bending modulus
A change in bilayer curvature induced by a bending moment
acting on the bilayer is described by the bending modulus,
kc (35,36). In Fig. 4, lnt is plotted as a function of kc. For the
FIGURE 1 CF efﬂux induced by d-lysin (0.5 mM) for a series of di-mono-
unsaturated PCs: di14:1PC (dashed line), di16:1PC (solid line), di18:1PC
(dotted line), and di20:1PC (dashed-dotted line). The lipid concentration in
all experiments was 50 mM.
FIGURE 2 The average time constant (t) for CF release induced by
d-lysin from lipid vesicles as a function of the number of double bonds in
di18:xPC, where x represents the number of double bonds. Each error bar
represents the standard deviation of a minimum of ﬁve individual traces. In
the kinetic experiments, the peptide concentration was 0.5 mM and the lipid
concentration was 50 mM.
4750 Pokorny et al.
Biophysical Journal 95(10) 4748–4755
di-monounsaturated series, di14:1PC, di16:1PC, di18:1PC,
di20:1PC, and di22:1PC, lnt increases linearlywith kc (Fig. 4,
solid symbols). For the di-polyunsaturated lipids (Fig. 4, open
square and diamond), lnt is consistently larger than predicted
from the straight line ﬁt to the di-monounsaturated series.
Surprisingly, dye release from vesicles composed of POPC
and SOPC (Fig. 4, open triangles), both mixed-chain lipids
with a saturated chain in the sn-1 position and a monounsat-
urated chain in the sn-2 position, occurs two orders-of-mag-
nitude faster than fromvesiclescomposedofadi-monounsaturated
lipid with a comparable bending modulus.
Bilayer thickness
For thin sheets, kc scales with both KA and the square of the
thickness of the material (38). KA remains essentially con-
stant for the lipids considered here and thus we expect kc} h
2,
where h is the thickness of the hydrophobic membrane core
(39). Therefore, lnt can be expected to scale as the square of
hydrophobic bilayer thickness for di-monounsaturated PCs
because lnt scales linearly with kc. However, lnt appears to
be proportional to h rather than to h2 (Fig. 5, solid symbols).
Again, similar to what we already observed for the depen-
dence of lnt on kc, dye efﬂux caused by d-lysin from vesicles
composed of di-polyunsaturated lipids (Fig. 5, open square
and diamond) is systematically slower than expected from
the behavior of vesicles composed of di-monounsaturated
lipids of the same thickness. At the other extreme, dye efﬂux
from PCs with asymmetric acyl chains (POPC, SOPC) oc-
curs at least two orders-of-magnitude faster than from their
di-monounsaturated counterparts and does not seem to de-
pend strongly, if at all, on hydrophobic thickness (Fig. 5,
open triangles).
Peptide binding
Binding of d-lysin to vesicles composed of a series of lipids
was measured by ﬂuorescence resonance energy transfer
FIGURE 3 The average time constant (t) for CF release induced by
d-lysin as a function of the stretching modulus, KA, for POPC (=), SOPC
(D), di18:3PC (e), di18:2PC (h), di18:1PC (¤), and di22:1PC (d). Each
vertical error bar represents the standard deviation of a minimum of ﬁve
individual kinetic traces. The peptide concentration in the dye release
experiments was 0.5 mM and the lipid concentration was 50 mM. The values
for KA and their standard deviations were taken from Rawicz et al. (39).
FIGURE 4 The average time constant for CF release induced by d-lysin
from lipid vesicles as a function of the bending modulus, kc. Solid symbols
correspond to the di-monounsaturated PCs di16:1PC (<), di18:1PC (¤),
di20:1PC (=), and di22:1PC (d). Open square symbols correspond to the
di-polyunsaturated PCs di18:3PC (e) and di18:2PC (h). Open triangular
symbols correspond to POPC (=) and SOPC (D). Each vertical error bar
represents the standard deviation of a minimum of ﬁve individual kinetic
traces. The dashed line is a linear ﬁt to the data for the di-monounsaturated
PCs (solid symbols). The peptide concentration in the dye release experi-
ments was 0.5 mM and the lipid concentration was 50 mM. The values for kc
and their standard deviations were taken from Rawicz et al. (39) and
Kucˇerka et al. (52).
FIGURE 5 The average time constant for CF release induced by d-lysin
from lipid vesicles as a function of hydrophobic thickness, h. Solid symbols
correspond to the di-monounsaturated PCs di14:1PC (n), di16:1PC (<),
di18:1PC (¤), di20:1PC (=), and di22:1PC (d). Open square symbols
correspond to the di-polyunsaturated PCs di18:3PC (e) and di18:2PC (h).
Open triangular symbols correspond to POPC (=) and SOPC (D). Each error
bar represents the standard deviation of a minimum of ﬁve individual kinetic
traces. The dashed line is a linear ﬁt to the data for the di-monounsaturated
PCs (solid circles). The peptide concentration in the dye release experiments
was 0.5 mM and the lipid concentration was 50 mM. The values for h were
taken from Hinderliter et al. (64).
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from the tryptophan residue to the acceptor ﬂuorophore
7MC-POPE embedded in the lipid matrix (9). If peptide
binding occurs on a shorter timescale than subsequent
membrane-perturbing events, the time course of peptide
binding follows a simple exponential function. The apparent
rate constant (kapp) of peptide binding is a function of the
molecular on- and off-rate constants, kapp ¼ kon[V] 1 koff,
where [V] is the vesicle concentration. A plot of kapp versus
[V] yields a straight line (not shown), which allows the de-
termination of kon from the slope and koff from the y intercept
(9,10). The ratio koff/kon is then a good estimate of the dis-
sociation constant, KD. Equilibrium binding of d-lysin to
POPC, DOPC, di22:1PC, and di18:3PC vesicles was found
to be similar. Binding to DOPC and di22:1PC is strongest
(KD  30 mM), followed by POPC (KD  60 mM) and
di18:3PC (KD 100 mM). Thus, binding does not determine
the differences observed in lnt.
DISCUSSION
Release of vesicle content by d-lysin was investigated as a
function of lipid acyl chain length and degree of unsaturation
for a series of phosphatidylcholines. We had previously hy-
pothesized that d-lysin would introduce curvature strain upon
binding to vesicles, which is relieved when the peptide
crosses the bilayer in the form of small aggregates (7). In this
model, graded dye release from vesicles occurs as the ag-
gregates cross the membrane and cause a signiﬁcant pertur-
bation of the bilayer. If this hypothesis is correct, dye release
should be very sensitive to bilayer elastic properties and lipid
acyl chain composition, since the types of structures phos-
pholipids can form are in large part determined by their acyl
chain structures.
We found no correlation between the stretching modulus
(KA) and lnt of dye release (Fig. 3). The bending modulus
(kc), on the other hand, inﬂuences dye release, but in a
complex manner that depends on the lipid series under con-
sideration. We believe that this complexity arises from the
interplay of kc, the lateral pressure proﬁle (p), and the
spontaneous curvature of the lipids forming the bilayer (co),
all of which are a direct consequence of lipid acyl chain
structure. In the following, we will brieﬂy review the con-
nection between kc, p, and co, and then relate these parame-
ters to the experimental results obtainedwith each lipid series.
By deﬁnition, a symmetrical bilayer has no intrinsic cur-
vature, but the individual monolayers may still experience
packing stress resulting from forcing unsaturated lipid acyl
chains into a planar conﬁguration (36,40,41). The resulting
distribution of lateral stresses in the membrane is given by the
proﬁle of the lateral pressure, p(z), along the membrane
normal, z (42). The ﬁrst moment (P1) of the lateral pressure
proﬁle of each monolayer is physically equivalent to a torque
stress acting on the membrane, the magnitude of which is
determined by the shape of the pressure proﬁle, P1 ¼R
zpðzÞdz (40,43). This integral is equal to the product of kc
and the spontaneous curvature of each monolayer, which is
P1 ¼ cokc (36,42–45).
Let us ﬁrst consider peptide-induced efﬂux from vesicles
composed of the homologous series of di-polyunsaturated
PCs, di18:1PC (DOPC), di18:2PC, and di18:3PC. We found
that the average t of dye efﬂux is not very sensitive to the
number of double bonds and, in fact, appears to be the same
within experimental error (Fig. 2). However, with the intro-
duction of two or more unsaturations, the bending modulus
decreases substantially (37,39). Acyl chain packing stress, on
the other hand, will increase with unsaturation such that co is
likely to increase in absolute value for this series, as has been
observed for other lipids (46–48). We therefore posit that the
decrease in kc will, to some extent, be compensated for by an
increase in co, which will lead to a P1 that is roughly constant
for the lipids of this series. Indeed, calculations using a sta-
tistical thermodynamic lattice model for the membrane pre-
dict that P1 for these three lipids should be essentially the
same (44,45).We thus conclude that d-lysin does not respond
directly to either co or kc of the target membrane but primarily
to P1. If this is correct, lnt of dye efﬂux should scale with kc
only if the spontaneous curvature remains constant for a
particular lipid series.
Next, we investigated the homologous series of di-mono-
unsaturated PCs, di14:1PC, di16:1PC, di18:1PC, di20:1PC,
and di22:1PC. In this case we found a clear dependence of
lnt on kc and chain length (Figs. 4 and 5), which indicates that
formation of a membrane defect and insertion of the d-lysin
aggregate becomes progressively harder as the membrane
becomes thicker and less ﬂexible. In principle, kc scales with
the square of the thickness of the hydrophobic core, or acyl
chain length, rather than linearly (39). Thus, lnt should scale
with h2, since lnt appears to depend linearly on kc (Fig. 4).
But for the thicker bilayers of this series, efﬂux occurs faster
than expected (Fig. 5). This could be due to the limited range
of bilayer chain lengths studied here, but this explanation
appears unlikely to us and we will revisit this issue after the
discussion of the asymmetric lipids.
There are no calculations regarding the pressure proﬁles as
a function of chain length for di-monounsaturated PCs, but
the trend in P1 for saturated chains is clear: the pressure
proﬁles broaden as a function of chain length, thus increasing
the magnitude of P1 (45). It is reasonable to assume that P1
follows the same trend in di-monounsaturated PCs and, if so,
we see that lnt of efﬂux again scales with P1. There are no
data on the dependence of co on chain length for di-mono-
unsaturated PCs, but co increases in magnitude with chain
length for phosphoethanolamines (PEs) (36,46–48). Due to
the larger PC headgroup, it is very likely that co increases
only slightly, if at all, with chain length for this series. In that
case, P1 is a function of chain length only, and lnt of efﬂux
can be expected to correlate linearly with kc, which appears to
be the case experimentally (Fig. 4).
Last, we compared dye efﬂux from vesicles composed of
the asymmetric, monounsaturated lipids POPC and SOPC
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with the corresponding di-monounsaturated lipid DOPC. In
this case, the correlation of lnt with P1 breaks down quite
dramatically, with dye release occurring two orders-of-
magnitude faster from POPC or SOPC vesicles than from
DOPC vesicles (Fig. 4). This behavior does not appear to be
unique to d-lysin. For instance, melittin, one of the most
studied amphipathic peptides, is known to be more active
toward POPC than DOPC bilayers, as is GALA, a synthetic
peptide (21,49). The effect is surprising because POPC and
SOPC have bending moduli very similar to DOPC (Fig. 4)
and P1 has been predicted to be also very similar, or even
somewhat larger, for POPC and SOPC compared to DOPC
(44,45). Hence, if both kc and P1 are so similar for POPC,
SOPC, and DOPC, the same must be true for co, and we
would expect lnt of dye efﬂux to be similar as well, which it
clearly is not. It is curious to note in this context that nature
hugely favors the use of asymmetric membrane lipids over
symmetric ones in eukaryotic cell membranes.
Theoretical calculations of pressure proﬁles assume that
asymmetric lipids behave like a 1:1 mixture of saturated and
unsaturated chains and that the proﬁle is dominated by the
effect of the unsaturated chain (44,45). This may be an
oversimpliﬁcation and the effect of an asymmetric acyl chain
composition on peptide activity may be due to interactions on
the molecular level that are currently not captured by the
calculations. Other calculations, including molecular dy-
namics simulations, have proposed a reduced bending mo-
dulus for lipids with asymmetric acyl chains compared to
their symmetric counterparts as a reason for their difference
(50,51). However, the values for kc used here have been
determined experimentally and do not vary much among
POPC, SOPC, and DOPC (39,52). Clearly, bulk properties of
the lipid bilayer such as the bending modulus and the re-
sulting lateral pressure proﬁle are not sufﬁcient to describe
the signiﬁcantly different behavior of d-lysin and other am-
phipathic peptides toward bilayers composed of asymmetric
phospholipids.
To determine whether different degrees of peptide binding
to lipid vesicles were the cause for the observed dependence
of peptide activity on lipid composition, we also measured
d-lysin binding as a function of lipid composition. We found
that the interaction of d-lysin with di18:1PC (DOPC), POPC,
di22:1PC, and di18:3PC is characterized by similar dissoci-
ation constants, which differ at most by a factor of 3. Binding
occurs with the highest afﬁnity to the di-monounsaturated
PCs DOPC and di22:1PC (KD 30 mM), followed by POPC
(KD  60 mM), and di18:3PC (KD  100 mM). Clearly, the
striking difference in the rate of dye efﬂux from vesicles
composed of the asymmetric lipids POPC and SOPC on one
hand and the di-monounsaturated lipid DOPC on the other
hand cannot be accounted for by weaker binding to DOPC.
Rather, it appears that peptide-induced membrane perturba-
tion is reduced in proportion to the degree of lipid un-
saturation. We suggest that the interaction of d-lysin with
membrane lipids will ‘‘freeze’’ acyl chain motion, which is
entropically unfavorable, particularly for membranes com-
posed only of unsaturated acyl chains. However, this entropic
penalty should depend on acyl chain length and be smaller for
longer chains, because, at the same temperature, they are
more ordered than shorter ones. We believe that this expla-
nation can also account for the higher-than-expected rate of
dye efﬂux from vesicles composed of the long-chain mem-
bers of the di-monounsaturated series. In this case, the linear
dependence of lnt on kc is probably only apparent but not
exact. Comparing ﬂuid bilayers of similar thicknesses and
bending moduli, d-lysin should interact more strongly with
bilayers composed of saturated lipids than with unsaturated
ones, if this interpretation is correct. In fact, d-lysin has been
shown to interact very favorably with bilayers composed of
the saturated phospholipid 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (15).
Finally, co is clearly not the only factor that determines
peptide-bilayer interactions. A number of membrane-active
peptides of both natural and synthetic origin induce positive
curvature stress in the bilayer upon binding (8,20,53–59).
Thus, the spontaneous curvature of the target lipid membrane
has been thought to be critical in determining peptide-lipid
interactions. As a result, the formation of a bilayer-perturbing
structure should be inhibited in bilayers composed of lipids
with negative spontaneous curvature. This question is often
addressed experimentally by including diacylphosphati-
dylethanolamine (PE) in the bilayer along with other bilayer-
forming lipids. The tendency to form an inverted hexagonal
phase of negative intrinsic curvature rather than a lamellar
phase correlates directlywith lipid acyl chain length and degree
of unsaturation, and inversely with headgroup size (36,46–48).
Phosphatidylethanolamines, especially when unsaturated, are
prone to form inverted hexagonal phases due to their small
headgroup (27), and peptide activity is frequently reduced in
proportion to the PE content. However, an unambiguous in-
terpretation of these results in terms of the impact of co on
peptide activity is hampered by complications arising from
multiple lipid-peptide interactions and nonideal lipid mixing.
Also, introduction ofmore highly unsaturated lipids is likely to
change peptide binding, co, and kc, making it difﬁcult to attri-
bute experimental observations to variations in co only.
The effect of cholesterol in eukaryotic membranes on
peptide-membrane interactions can also be partially under-
stood in terms of its effect on P1. Generally, adding choles-
terol to a PC matrix causes an increase in hydrophobic
membrane thickness (60,61) and kc (29,62). Peptide parti-
tioning into the bilayer core can thus be predicted to be re-
duced, which is true for d-lysin (16,63). However, the case
is further complicated by poor binding of d-lysin to liquid-
ordered bilayers that exist at a cholesterol content .35%.
The behavior of d-lysin in systems that exhibit lipid phase
separation between a cholesterol-rich, liquid-ordered and
a cholesterol-poor, liquid-disordered phase at cholesterol
concentrations characteristic for eukaryotic cell membranes,
therefore becomes quite complex (16,63).
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In summary, we have shown that the capacity to promote
or inhibit peptide-induced membrane perturbation is inti-
mately related to the fatty acid structure of the lipids that
constitute the bilayer. This ﬁnding emphasizes the point that
lipid acyl chain structure is an important determinant in
peptide-lipid interactions and that even subtle differences in
structure such as the presence of one extra unsaturation can
have a dramatic impact on peptide activity. In this sense,
DOPC is a poor—but commonly used—mimic of POPC in
studies that seek to elucidate peptide-membrane interactions.
This study further emphasizes that the speciﬁcity of antimi-
crobial peptides may only in part be determined by the
headgroup composition of the target membrane.
We thank Melissa Cherry and Sarah Pagentine for their assistance in the
determination of some of the dissociation constants.
This work was supported by National Institutes of Health grant No.
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